Introduction
Gap junctions are specialized cell membrane channels connecting adjacent cells and facilitate the transfer of metabolites, nucleotides and small regulatory molecules between cells (1,2). The basic unit of gap junctions is the connexon, which consists of a hexameric arrangement of transmembrane proteins called connexins. Connexins are members of a multigene family and multiple connexins are expressed in tissue specific patterns. Connexin 26 (Cx26), originally identified by subtractive hybridization, is one such connexin that is expressed in normal human mammary ductal epithelial cells but was reported to be absent in some breast cancer cell lines (3) .
Loss of communication via gap junctions appears to play a role in oncogenesis with a number of connexins implicated in tumor suppression (1) (2) (3) (4) (5) . In vivo and in vitro studies have shown that restoration of connexin expression and functional communication in tumor cells retards tumor cell growth and restores normal phenotype (2) . Transfection of the Cx26 gene into gap junction-deficient human cancer cell lines reduced their growth rate and tumorigenicity and thus Cx26 can be considered a putative tumor suppressor gene (6, 7) .
DNA methylation occurs almost exclusively at cytosines located within CpG dinucleotides. However, clusters of CpG dinucleotides known as CpG islands, which are associated with the promoter region of many genes, are generally unmethylated. The methylation of a CpG island in the promoter region of a gene is associated with the transcriptional silencing of that gene (8, 9) . Methylation contributes to the repression of the inactivated genes as the genes can be reactivated by inhibitors of DNA methylation (10) .
Methylation of promoter associated CpG islands is a mechanism for transcriptional silencing of a number of tumor suppressor genes during breast cancer development including the p16, ECAD and BRCA1 genes (11) (12) (13) (14) . Many of these methylated genes are known to be important in the biology of breast cancer and the re-introduction of a functional copy into a cell line reverses the tumorigenicity. In this report, we assess the methylation status of the Cx26 CpG promoter region in breast cancer biopsies and breast cancer cell lines using methylation-specific single-stranded conformational analysis (MS-SSCA) (15) and genomic sequencing (16) .
Materials and methods

Tissue samples and cell lines
Breast cancers from 20 patients with no family history of breast cancer ('sporadic' cancers) and eight breast cancer cell lines (Hs578t, MDA-MB-231, MDA-MB-453, MDA-MB-468, MCF7, T47D, PMC-42 and ZR-75-1) were used for methylation analyses. The cell lines were maintained in RPMI or DMEM (Life Technologies Inc., Rockville, MD) supplemented with 10% fetal calf serum (Commonwealth Serum Laboratories, Melbourne, Australia) and glutamine. Cultures were kept at 37°C in a humidified 5% CO 2 atmosphere.
DNA/RNA extraction Genomic DNA was prepared by resuspending 5-20ϫ10 6 cells or 10 µm sections of frozen biopsies in TES (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 100 mM NaCl) with 300 µg Proteinase K and 20% SDS followed by an overnight incubation at 37°C. Then 3 M NaCl was added to precipitate proteins and the supernatant was collected by centrifugation. The DNA was pelleted using absolute ethanol, washed in 70% ethanol, air dried and resuspended in UltraPure water (Fisher Biotec, Perth, Australia). RNA was extracted using Trizol (Life Technologies) according to the manufacturer's directions.
PCR amplification of bisulfite modified DNA Bisulfite treatment was modified from the method of Bianco et al. (15) . Briefly,~1 µg of genomic DNA was denatured with 0.3 M NaOH for 15 min at 37°C in a final volume of 20 µl. Then 278 µl of 6.24 M urea (Ajax Chemicals, Sydney, Australia) and 4 M sodium bisulfite (Sigma, St Louis, MO) solution and 2 µl of freshly prepared 100 mM hydroquinone (Sigma) were added. The 6.24 M urea/4 M sodium bisulfite solution was made by dissolving 7.5 g urea in 10 ml of sterile water followed by 7.6 g of sodium bisulfite, adjusting the pH to 5 with 10 M sodium hydroxide and adding sterile water to a final volume of 20 ml. The final concentrations of the urea, sodium bisulfite and hydroquinone were 5.8 M, 3.7 M and 6.67 mM, respectively. The DNA was subjected to 20 cycles at 55°C for 15 min followed by denaturation at 95°C for 30 s in a thermocycler essentially as described by Paulin et al. (17) . The modified DNA was then desalted using the CONCERT Rapid PCR Purification System (Life Technologies) according to the manufacturer's instructions. A desulfonation step followed where 5.5 µl of 3 M sodium hydroxide was added and the DNA incubated at 37°C for 15 min. The sample was then co-precipitated with 5 µg/µl molecular biology grade mussel glycogen (Roche, Mannheim, Germany) in sodium acetate/ethanol at -20°C for 16 h. The pellet was then resuspended in 50 µl of Ultrapure water and stored at 4°C until used.
Primers were designed to amplify both bisulfite modified methylated and unmethylated DNA but not unmodified DNA. If CpG sites could not be avoided, the CpG sites were placed as far as possible to the 5Ј end of the primer. The target fragment of 245 bp (-128 to ϩ 119) spans 30 CpG dinucleotides, 15 of which are upstream of exon 1 (ϩ1 to ϩ160) (GenBank accession no. U43932). The target fragment was amplified using the primer pair: 5Ј-ATTCGGGAAGTTTTGAGGATTTAGAGGT-3Ј (sense) and 5Ј-GTT-AAAATCTCTA CGCTAAAACTCCTAC-3Ј (antisense). PCR was performed in a final volume of 50 µl using 5-10 µl of sodium bisulfite modified DNA, 100 ng of each primer, 2 mM MgCl 2 and 0.5 U of HotStarTaq DNA polymerase in buffer supplied by the manufacturer (Qiagen, Valencia, CA). The first cycle was preceded by a polymerase activation step at 95°C for 15 min. Amplification was performed for 45 cycles with an initial 10 cycles of 94°C for 1 min, touch down annealing temperature step from 72 to 62°C for 45 s and 72°C for 45 s followed by 35 cycles of 94°C for 1 min, 62°C for 1 min and 72°C for 1 min. Ten microliters of the PCR product were electrophoresed at 100 V for 30 min on a 1.6% agarose gel to verify amplification.
Single-stranded conformational analysis and sequencing
SSCA and sequencing of the target fragments was according to Bianco et al. (15) . Gels were stained with SYBR Gold (Molecular Probes, Eugene, OR) and visualized on an UV transilluminator. Bands to be sequenced were stabbed with a pipette tip and placed directly into a pre-mixed PCR solution using primers as above. Amplification was performed for 35 cycles at 94°C for 1 min, 60°C for 1 min and 72°C for 1 min. PCR products were cycle sequenced using Big Dye Terminator Cycle Sequencing kit (Applied Biosystems, Foster City, CA) and an ABI 373 automated DNA sequencer.
5-aza-2Ј-Deoxycytidine treatment
MDA-MB-453 cells were plated in 10 cm Petri dishes at a density of 5ϫ10 5 cells/ml. After 6 h, 5-aza-2Ј-deoxycytidine (Sigma) at a final concentration of 1 µM in MilliQ water was added to the medium for 24 h. The cells were then washed with phosphate-buffered saline and fresh medium was added. The treated cells were harvested after 48, 72 and 96 h for reverse transcription polymerase chain reaction (RT-PCR).
RT-PCR
Between 100 ng and 1 µg of total RNA was reversed transcribed using 500 ng of random hexamers (Amersham Pharmacia, Uppsala, Sweden) and 200 U MMLV reverse transcriptase (Life Technologies) for first strand cDNA synthesis in a total volume of 50 µl. A 2 µl aliquot of the cDNA was used for PCR amplification of Cx26 with a 242 bp target sequence spanning intron 1 using the primers: 5Ј-GCAGAGACCCCAACGCCGAGAC-3Ј and 5Ј-GCAGACAAA-GTCGGCCTGCTCATC-3Ј. The ubiquitously expressed nucleoporin 98 gene (NUP98) (18) was used for the positive control. The primers N1428F (5Ј-232 GGCATCTTTGTTTGGGAACAACC-3Ј) and N1681R (5Ј-CCTTCTTCTTA-GGGTCTGACATC-3Ј) gave a product of 250 bp. All RT-PCRs included negative controls where the reverse transcriptase enzyme was omitted.
Results
Cx26 methylation in sporadic breast tumors and breast cancer cell lines
The Cx26 promoter is found in a large CpG island. We selected a 245 bp section of this island spanning the promoter region for further analysis by MS-SSCA (Figure 1) . We assessed the methylation status of 20 sporadic breast tumors and eight breast cancer cell lines (Figure 2 ). From the 20 tumor samples, we were able to obtain matched tumor and normal samples for seven specimens. MS-SSCA of the 245 bp PCR product showed 11 of 20 (55%) patients and one of eight (12.5%) breast cancer cell lines with variant bands indicative of methylation.
Aberrant bands were individually sequenced to ascertain the degree of methylation of the target region ( Figure 3 ). We were able to confidently assess the methylation status of 26 CpG dinucleotides between positions -93 and ϩ91. All eight breast cancer cell lines were sequenced. MDA-MB-453 was fully methylated across the entire target region whereas no methylation was observed with the other cell lines.
Variable patterns of methylation were observed between patients. Patients 9 and 15 exhibited methylation on virtually every CpG dinucleotide across the target region whereas some other patients showed fairly light methylation. There was little consensus in the patterns seen in different patients, although the CpG dinucleotides at -81 and -93 were methylated in most tumors.
A few patients showed multiple bands. We examined patient 15 in greater detail by sequencing each of the six individual variant bands. Bands I-V were heavily methylated while band VI was lightly methylated. The methylation patterns of bands III and IV were identical and probably arose from the opposite strands of the same sequence (Figure 3) .
RT-PCR
RT-PCR showed that all breast cancer cell lines expressed Cx26 except MDA-MB-453 (Figure 4) . The degree of expression by the non-methylated cell lines was variable after 30 cycles. MDA-MB-453 was the only cell line not to express Cx26 and this remained the case when amplification was extended to 45 cycles.
We examined the expression levels of Cx26 on the seven fresh tumor/normal pairs ( Figure 5) . Four of the seven tumor samples showed variant methylation patterns but lack of Cx26 expression in the tumor sample was observed in only patients 15 and 19. The tumor samples were grossly dissected and the expression of Cx26 may have reflected the presence of normal breast epithelium. All samples were positive for the housekeeping gene NUP98 used to verify RNA integrity and successful reverse transcription.
233
Demethylation of MDA-MB-453 by 5-aza-2Ј-deoxycytidine
Re-expression of Cx26 in the hypermethylated breast cancer cell line MDA-MB-453 was detected after treatment with the demethylating agent, 5-aza-2Ј-deoxycytidine ( Figure 6 ). The relative degree of expression increased with recovery time after the initial exposure to 5-aza-2Ј-deoxycytidine. Cells harvested 
Discussion
Cx26 has been implicated as a tumor suppressor gene for its part in gap junction intercellular communication, as reviewed by Locke (2). Lee et al. (3) showed the expression of Cx26 in normal human mammary epithelial but not breast cancer cells. Significantly, they established that lack of expression was not due to any physical loss of the gene. Transfection of the Cx26 gene into the gap junction-deficient human cancer cell lines HeLa (6) and MDA-MB-435 (7) reduced their growth rate and tumorigenicity. We therefore examined whether Cx26 was silenced by methylation in breast tumors.
We found Cx26 promoter methylation in 11 out of 20 (55%) of the breast cancer patients examined. Considerable inter-patient variation in the methylation patterns in the Cx26 promoter region was observed. Some tumors showed hypermethylation of the region with almost every site in the promoter methylated whereas other tumors showed only partial methylation over the region examined. However, methylation tended to occur in discrete clusters of CpG dinucleotides along the target fragment in each tumor. These areas of clustering were either the 5Ј, mid or 3Ј end of the fragment. Tu and Kiang (19) identified the region around the -93 and particularly the -81 Sp1 sites as being critical for transcription (Figure 1 ). Our sequencing data showed that position -81 was methylated in seven of these samples (Patients 4, 6, 7, 9, 13, 15 and 19) , representing the single most common methylated site whereas position -93 was methylated in six of the samples (Patients 4, 6, 9, 13, 15 and 20). Intra-tumor variation in methylation patterns was most apparent in patient 15. Of the six bands sequenced in patient 15, three were methylated at position -93 and four at position -81.
Heterogeneous methylation patterns have also been observed in other genes, e.g. the RB promoter in retinoblastomas (20) and the p15 promoter in acute myeloid leukaemia (21) . Stirzaker et al. (20) concluded that hypermethylation of the entire promoter region was unnecessary for silencing of the RB gene. They proposed that heterogeneity in the patterns of RB promoter methylation was due to a lack of fidelity in the maintenance of the original pattern (20) . Cells sampled at various stages of tumor progression or cells undergoing clonal evolution could also give rise to heterogeneous methylation patterns.
Lack of Cx26 expression by RT-PCR was detected in only two of the four methylated samples (patients 15 and 19; Figure  5 ). As none of the tumor samples had been microdissected, it was possible that contaminating RNA from normal breast epithelium had also been extracted. We were able to demonstrate for one paired sample (patient 19) that Cx26 was expressed in the normal but not the methylated tumor. However, no expression of Cx26 was observed in the 'normal' adjacent breast tissue of patient 15. This suggests that inactivation of Cx26 may precede methylation in some patients.
Methylation as detected by aberrant MS-SSCA banding patterns was present in one of eight breast cancer cell lines. Genomic sequencing confirmed that MDA-MB-453 was hypermethylated at the Cx26 promoter while the other cell lines were unmethylated. Treatment of MDA-MB-453 with the demethylating agent 5-aza-2Ј-deoxycytidine showed that re-expression of Cx26 was inducible after a brief exposure to 5-aza-2Ј-deoxycytidine. This directly implicates hypermethylation of the promoter region with the lack of Cx26 expression in MDA-MB-453.
The comparative rarity of Cx26 promoter methylation in breast cancer cell lines is notable in the light of reports showing widespread CpG island methylation in cultured cell lines (22) (23) (24) . The cell lines reported by Lee et al. (3) to lack Cx26 expression by northern analysis were MCF7, MDA-MB-231, MDA-MB-468, T47D and ZR-75-1. In this study we found these cell lines to be unmethylated. Moreover, our RT-PCR analysis showed expression of Cx26 in the above cell lines as well as Hs578t and PMC-42 at 30 and 45 cycles. Lee et al. reported that treatment of two of the cell lines (MDA-MB-235 231 and ZR-75-1) with the phorbol ester PMA, which activates protein kinase C, resulted in re-expression of Cx26 (3). However, our results indicate that what was seen was probably an up-regulation.
Our results are also at variance with a recent report examining Cx26 methylation in breast cancer cell lines (25) . These showed undetectable expression in the MCF7 and T47D cell lines by northern analysis. Hypermethylation was observed in MCF7 but 5-aza-2Ј-deoxycytidine treatment did not induce Cx26 expression. In contrast, our RT-PCR analysis easily detected Cx26 expression in MCF7 and showed low levels of expression in T47D. The very sensitive MSP (methylation-specific PCR) methodology used by Singal et al. (25) may have detected small methylated subpopulations of MCF7 and this would explain why 5-aza-2Ј-deooxycytidine treatment did not lead to re-expression.
Some of these findings are reminiscent of those for the tumor suppressor gene, BRCA1. Expression of BRCA1 is low or absent in most ductal carcinomas and cell lines (26) . Methylation occurs in~20% of patients but much less frequently in cell lines (13, (27) (28) (29) (30) . This suggests that while methylation is an important mechanism leading to inactivation of tumor suppressor genes, other mechanisms may also play a pivotal role in preventing gene transcription. For the gelsolin gene, histone deacetylation seems to be the primary mechanism in repressing gene expression (31) , whereas methylation is the more important inactivation mechanism for the MLH1, TIMP3, p15 and p16 genes (32) and this also seems to be the case for the Cx26 gene.
Methylation of the promoter CpG island region is a common epigenetic mechanism for transcriptional silencing of tumor suppressor genes (8, 9) . The alterations in methylation seen during the development of breast cancer are the genesis for variation and the basis for selection of tumorigenic cells that are able to proliferate in an environment conducive to their survival. In breast cancer, a number of tumor suppressor genes have been shown to be methylated in a significant proportion of tumors. This report now adds the candidate tumor suppressor gene Cx26 to this list of genes.
